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Clinical Principles

Alzheimer disease usually begins with gradual failure of recent
memory with preserved alertness and motor function.

The syndrome of minimal cognitive impairment (mild cognitive
impairment)—a subtle decrease in short-term declarative
memory with otherwise normal cognition—is often a
harbinger of Alzheimer disease.

Alzheimer disease progresses slowly to involve many cognitive
spheres and shortens life expectancy, with most patients
ultimately dying of secondary respiratory complications (for
example, aspiration and pneumonia).

Treatment with acetylcholinesterase inhibitors can temporarily
alleviate some symptoms but does not modify disease
progression.

A noncompetitive N-methyl-p-aspartate-receptor antagonist
(memantine) has recently been approved as a noncholinergic
symptomatic treatment.

Epidemiologic data suggest that long-term use of certain
cyclooxygenase-1 or -2 inhibitors (for example, ibuprofen) or
statin drugs may be associated with a decreased risk for
Alzheimer disease.

Methods to image cerebral amyloid deposits are in early clinical
development.

Pathophysiologic Principles

A clinical diagnosis of Alzheimer disease is confirmed by
observing numerous neuritic (amyloid) plaques and
neurofibrillary tangles in the hippocampus, amygdala, and
association neocortex.

The plaques (extracellular) are composed of the 42- and
40-residue B-amyloid proteins, whereas the tangles
(intraneuronal) are composed of modified forms of the
microtubule-associated protein, tau.

B-Amyloid protein is generated normally throughout life from
a large, receptor-like precursor (B-amyloid precursor
protein) through proteolytic cleavages by the - and
y-secretases.

Mutations in 3 genes (B-amyloid precursor protein, presenilin
1, and presenilin 2) that cause Alzheimer disease increase
cerebral B-amyloid production, whereas inheritance of the
apolipoprotein E4 polymorphism enhances its stability,
leading to B-amyloid accumulation.

Prospective mechanism-based treatments include inhibitors of
the B- and y-secretases and immunotherapeutics
(anti-B-amyloid protein monoclonal antibodies and
B-amyloid protein vaccines).

Few diagnoses in medicine are more dispiriting for pa-
tients and their families than Alzheimer disease. This
insidious dissolution of one’s most human qualities—rea-
soning, abstraction, language, and memory—now affects
upwards of 30 million individuals worldwide. Until re-
cently, the study of Alzheimer disease was fraught with
mechanistic ignorance and therapeutic nihilism. But rapid
scientific progress in 3 areas, biochemical pathology, genet-
ics, and animal modeling has led to an increasingly ac-
cepted model of pathogenesis and the emergence of clinical
trials of potentially disease-modifying agents.

Alzheimer disease research has been controversial. Not
surprisingly, agreement on the temporal sequence of the

molecular and cellular events that lead to dementia and
which steps are most amenable to intervention has been
difficult to achieve. But in the last several years, substantial
consensus has developed that certain biochemical changes
in the hippocampus and association cortices occur many
years or decades before clinical symptoms, and a rough
outline of the disease cascade has emerged.

BIOCHEMISTRY OF THE BRAIN LESIONS PROVIDES
Masor CLUES TO GENETICISTS

In contrast to research for disorders such as Parkinson
and Huntington diseases, in which the cloning of novel
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Glossary

Amyloid: Extracellular tissue deposits of insoluble proteinaceous fibrils that
are enriched in a particular protein conformation called B-pleated sheet.

Cytoplasmic domain: The part of a transmembrane protein (for example, a
receptor) that projects into the inside of the cell.

Ectodomain: The part of a transmembrane protein (for example, a receptor)
that projects out of the cell into the extracellular space.

Gliosis: A neuropathologic reaction in which the number of glial cells (for
example, astrocytes and microglia) increases and their structure is altered.
This occurs in many neurologic diseases and is thus a nonspecific response
to different brain injuries.

Missense mutation: A single-base mutation in the DNA sequence of a gene
that leads to the change of a single amino acid in the corresponding
protein.

Neuritic dystrophy: The distortion of the shapes of neurites (that is, axons
and dendrites) that can be visualized microscopically in the brains of
patients with various neurodegenerative diseases.

Receptors: Specialized proteins that traverse the outer membrane of the cell
(usually) and receive a signal by binding to either another protein or a
small molecule, such as a neurotransmitter (for example, dopamine).

Secretases: Proteases (that is, protein-cutting enzymes) that mediate the
secretion from a cell of a fragment of another protein. In the case of the
B-amyloid precursor protein, the 3 secretases («, B, and v) cut at
different sites within the protein to shed different fragments.

Transgene: An artificially created segment of DNA that matches the coding
region of a natural gene (plus certain regulatory elements) and can be
microinjected into fertilized mouse ova to produce transgenic mice
overexpressing this gene.

causative genes led to the development of biochemical hy-
potheses, Alzheimer disease research has largely developed
in the reverse direction. The identification of the proteins
that make up the classic amyloid (see Glossary) plaques and
neurofibrillary tangles in Alzheimer disease cortex sug-
gested their respective genes as sites to search for patho-
genic mutations, and such mutations were subsequently
found. While rare, they have been enormously instructive
in attempts to develop a dynamic model of how Alzheimer
disease unfolds. Thus, an understanding of the biochemical
pathology preceded genetic discoveries in Alzheimer dis-
ease.

Neuritic (senile) plaques contain extracellular deposits
of the 40— and 42—amino acid B-amyloid proteins sur-
rounded by dystrophic neurites (axons and dendrites), ac-
tivated microglia (monocyte- or macrophage-derived cells
that reside in the brain), and reactive astrocytes. A large
portion of the B-amyloid protein in these neuritic plaques
is in the form of insoluble amyloid fibrils, but these are
intermixed with a poorly defined array of nonfibrillar
forms of the protein. Once protein sequencing has estab-
lished that B-amyloid protein was the subunit of fibrillar
amyloid (1, 2), B-amyloid protein immunohistochemistry
revealed several deposits in brains of patients with Alzhei-
mer disease that lacked the dystrophic neurites and altered
glia that characterize the neuritic plaques. Such plain
B-amyloid protein deposits, referred to as “diffuse”
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plaques, exist mostly in a nonfibrillar (that is, “preamy-
loid”) form (3, 4). The diffuse deposits are composed of
the 42-residue form of the peptide (B8-amyloid protein 42),
which is far more prone to aggregation than the slightly
shorter and less hydrophobic 40-residue form (B-amyloid
protein 40) (5). In healthy individuals, B-amyloid protein
40 and B-amyloid protein 42 make up 90% and about
10%, respectively, of the B-amyloid peptides that are nor-
mally produced by brain cells throughout life (discussed
later). Note that B-amyloid protein plaques do not occur
simply in these 2 extreme forms (diffuse and neuritic) but
rather as a continuum in which mixtures of nonfibrillar
and fibrillar forms of the peptide can be associated with
varying degrees of surrounding neuritic and glial alteration.

Perhaps the most frequent criticism of the “amyloid
hypothesis” of Alzheimer disease is that 3-amyloid protein
deposits can be found in moderate or sometimes high den-
sity in the cortex of mentally normal elderly patients. But
these deposits are almost exclusively diffuse plaques that
seem to represent relatively “benign” precursor lesions as-
sociated with little surrounding cytopathology. In this con-
text, drawing a rough analogy to the early fatty streaks
observed in the arteries of individuals who have not yet
experienced clinically noticeable cardiovascular events is
not unreasonable. Statistically significant relationships be-
tween [-amyloid protein plaque burden (measured post-
mortem) and degree of cognitive impairment (measured
just premortem) have been established (6), and such data
have been complemented by even stronger correlations
with cortical B-amyloid protein 42 levels measured bio-
chemically (7).

B-Amyloid protein can also accumulate in the base-
ment membranes of some cortical and meningeal mi-
crovessels (8). The extent of this vascular amyloidosis often
does not correlate closely with the number of B-amyloid
protein plaques in a brain, and its importance in contrib-
uting to the dementia is not well defined. Some older hu-
mans develop many B-amyloid protein—bearing cortical
vessels, often without the abundant plaques and tangles of
Alzheimer disease. They can experience sudden vessel rup-
ture and lobar cerebral hemorrhages, an increasingly recog-
nized stroke syndrome referred to as congophilic amyloid
angiopathy (8).

The other classic lesion observed in the Alzheimer in-
dex case of 1906 was the neurofibrillary tangle. Tangles are
intraneuronal masses of paired, helically wound filaments
(paired helical filaments) (9). Neurofibrillary tangles usu-
ally occur in large numbers in the brain of a patient with
Alzheimer disease, particularly in the entorhinal cortex;
hippocampus; amygdala; association cortices of the frontal,
temporal, and parietal lobes; and certain subcortical nuclei
that project to these regions. The subunit protein of the
paired helical filaments is the microtubule-associated pro-
tein, tau (10, 11). Paired helical filaments are not limited
to the tangles found in the neuronal cell bodies, but also
occur in smaller bundles in many of the dystrophic neu-
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Figure 1. Schematic diagrams of the B-amyloid precursor protein (APP) and its principal metabolic derivatives.
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The first line depicts the largest of the known B-amyloid precursor protein alternate splice forms, comprising 770 amino acids. Regions of interest are
indicated at their correct relative positions. A 17-residue signal peptide occurs at the N-terminus (box with vertical lines). Two alternatively spliced exons
of 56 and 19 amino acids are inserted at residue 289; the first contains a serine protease inhibitor domain of the Kunitz type (KPI). A single
membrane-spanning domain (transmembrane [7M]) at amino acids 700 through 723 is indicated (dotted lines). The B-amyloid protein (AB) fragment
includes 28 residues just outside the membrane plus the first 12 to 14 residues of the TM domain. In the second line, the sequence within B-amyloid
precursor protein that contains the B-amyloid protein and TM regions is expanded. The underlined residues represent the S-amyloid proteins 1 to 42
peptide. The green letters below the wild-type sequence indicate the currently known missense mutations identified in certain families with Alzheimer
disease or hereditary cerebral hemorrhage with amyloidosis. The 3-digit numbers are codon numbers (8-amyloid precursor protein 770 isoform). In the
third line, the first arrow indicates the site (after residue 687) of a cleavage by a-secretase that enables secretion of the large, soluble ectodomain of
B-amyloid precursor protein (APP-a) into the medium and retention of the 83-residue C-terminal fragment (C83) in the membrane. The C83 fragment
can undergo cleavage by the protease called 7y-secretase at residue 711 or residue 713 to release the p3 peptides. The fourth line depicts the alternative
proteolytic cleavage after residue 671 by B-secretase that causes the secretion of the slightly truncated APP - molecule and the retention of a 99 residue
C-terminal fragment (C99). The C99 fragment can also undergo cleavage by y-secretase to release the B-amyloid peptides. Cleavage of both C83 and
C99 by <y-secretase releases the B-amyloid precursor protein intracellular domain (A/CD) into the cytoplasm.

rites present around the amyloid plaques. Biochemical
studies reveal that the tau proteins present in paired helical
filaments are hyperphosphorylated, insoluble forms of this
normally highly soluble protein (9). The insoluble tau ag-
gregates in the tangles are often complexed with ubiquitin,
a feature they share with numerous other intraneuronal
protein inclusions in etiologically diverse disorders, such as
Parkinson disease and diffuse Lewy body dementia. If this
complexing with ubiquitin represents an attempt by the
neuron to mark the altered tau proteins for degradation by
the proteasome, this seems to be largely without benefit for
the patient.

The 2 classic lesions of Alzheimer disease can occur
independently in other brain diseases. Tangles composed
of tau aggregates that are similar to or indistinguishable
from those of Alzheimer disease have been described in
about a dozen less common neurodegenerative diseases that
lack B-amyloid protein deposits and neuritic plaques. Con-
versely, diffuse B-amyloid protein deposits can be seen in
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aged “normal” brains with almost no tangles. The fact that
neurofibrillary tangles composed of aggregated forms of tau
protein occur in certain diseases in the absence of B-amy-
loid protein deposition (for example, in frontotemporal de-
mentia, subacute sclerosing panencephalitis, and progres-
sive supranuclear palsy) suggests that tangles can occur in
the course of various primary neuronal injuries. As we shall
see, growing evidence suggests that the formation of tan-
gles in Alzheimer disease represents a cytologic response by
neurons to the gradual accumulation of B-amyloid protein
and B-amyloid protein—associated proteins.

B-AmyLoID PROTEIN ARISES FROM THE NORMAL
PROCESSING OF A RECEPTOR-LIKE PRECURSOR

The purification of the B-amyloid protein from the
meningovascular amyloid deposits of Alzheimer disease (1)
and the Down syndrome (12) enabled the subsequent
cloning of the gene encoding the B-amyloid precursor pro-
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tein (2). B-Amyloid protein is derived from B-amyloid pre-
cursor protein by sequential cleavages by proteases referred
to as B3-secretase and y-secretase (13) (see Glossary) (Figure
1). The B-amyloid precursor protein comprises ubiqui-
tously expressed proteins whose heterogeneity comes from
the “alternative splicing” together of different protein-
coding regions (exons) within the B-amyloid precursor
protein gene and also from post-translational modifica-
tions, such as the addition of sugar or phosphate groups to
the protein backbone. Alternatively spliced forms of
B-amyloid precursor protein containing 751 or 770 amino
acids are widely expressed in cells throughout the body and
also occur in neurons. However, neurons express much
higher levels of a 695—amino acid splice form. The differ-
ence between the 751-, 770-, and 695-residue forms is the
retention in the former of an exon that encodes an amino
acid sequence that is homologous to certain inhibitors of
serine proteases. The existence of this form suggests one
normal function for these longer B-amyloid precursor pro-
tein isoforms; indeed, the B-amyloid precursor protein 751
that is in human platelets has been shown to inhibit factor
Xla (a serine protease) in the clotting cascade.

Completely deleting the -amyloid precursor protein
gene in mice results in only minor deficits (14), suggesting
that its 2 close homologues—amyloid precursor-like pro-
teins 1 and 2 (15, 16)— have functions similar to B-amy-
loid precursor protein. All 3 members of the B-amyloid
precursor protein family are single transmembrane proteins
that resemble receptors, with the large amino-terminal re-
gion (the ectodomain) projecting from the cell surface or
into the lumens of intracellular vesicles (for example, the
endoplasmic reticulum, Golgi, trans-Golgi network, and
endosomes) and the short carboxy-terminal region project-
ing into the cytoplasmic (see Glossary for terms) (Figure 1,
first line). The recognition that the last 14 amino acids of
B-amyloid protein are derived from the membrane-anchor-
ing portion of B-amyloid precursor protein (Figure 1) pre-
sents a conundrum: How could B-amyloid protein exist as
an intact, free peptide in the extracellular amyloid plaques
if this region was normally embedded in cell membranes?
It was assumed in this regard that cells must undergo an
initial injury to their membranes to allow the unknown
protease that creates the C-terminus of B-amyloid protein
(nicknamed +y-secretase) to access the intramembrane re-
gion of B-amyloid precursor protein (Figure 1). This con-
cept means that cerebral B-amyloid protein accumulation
could not be considered a truly primary event in Alzheimer
disease, since some other process must first injure cell
membranes to free the peptide. But in 1992, this notion
was dispelled when B-amyloid protein was found to be
normally secreted by healthy cells throughout life and to be
present in the cerebrospinal fluid and plasma of humans
and lower mammals (17-19).

In the normal processing of B-amyloid precursor pro-
tein by the 3 secretase enzymes (designated as a-, 3-, and
y-secretases), the most common cut occurs between amino
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acids 16 and 17 of the B-amyloid protein region, that is,
12 residues N-terminal to the transmembrane region (Fig-
ure 1, third line) and is carried out by a-secretase. This
scission creates a large, soluble ectodomain fragment (-
amyloid precursor protein,) that is released from the cell
surface and leaves a C-terminal fragment of 83 amino acids
(C83) still embedded in the membrane (Figure 1, third
line). a-Secretases, such as tumor necrosis factor—convert-
ing enzyme, are membrane-anchored proteases able to
cleave diverse single-transmembrane proteins. Some
B-amyloid precursor protein holoproteins that are not sub-
jected to the a-secretase cleavage can instead be cut by
B-secretase (Figure 1, fourth line). B-Secretase (also called
B-amyloid cleaving enzyme 1) is a membrane-anchored
aspartyl protease with its active site in its ectodomain (20—
22). A slightly shorter form of the B-amyloid precursor
protein ectodomain (B-amyloid precursor proteing) is re-
leased from the cell surface, and a C-terminal fragment of
99 amino acids (C99) embedded in the membrane is left.
The C99 fragment can subsequently be cleaved by the un-
usual protease referred to as y-secretase to create B-amyloid
protein. Also, the C83 fragment made by a-secretase can
undergo cleavage by the same +y-secretase to generate a
small peptide that makes up the latter two thirds of the
B-amyloid protein region (designated as p3). In summary,
C99 and C83 are the substrates of y-secretase, which create
B-amyloid protein and p3, respectively. In general, a sub-
stantially larger portion of total cellular B-amyloid precur-
sor protein molecules is cleaved by a-secretase than by
[B-secretase.

What are the functional consequences of this complex
proteolytic processing of B-amyloid precursor protein?
Functions attributed to the secreted B-amyloid precursor
protein,, derivative include the inhibition of certain serine
proteases, enhancement of cell-cell and cell-substrate ad-
hesion, growth-promoting effects on cells, and neuropro-
tective properties. As regards the function of full-length
B-amyloid precursor protein, the remarkably similar pro-
cessing of B-amyloid precursor protein and the well-char-
acterized Notch family of cell-surface receptors (discussed
later) has suggested that B-amyloid precursor protein itself
functions as a receptor. Sequential cuts by the a- and
y-secretases release the B-amyloid precursor protein intra-
cellular domain into the cytoplasm, where some of it can
enter the nucleus (with associated proteins) and help reg-
ulate the transcription of target genes (23-25). Neither the
ligand that binds the B-amyloid precursor protein ectodo-
main to initiate the a-secretase cleavage nor the down-
stream genes that are regulated by the B-amyloid precursor
protein intracellular domain are defined.

THE GENETICS OF ALZHEIMER DISEASE POINTS TO A

CENTRAL ROLE FOR 3-AMYLOID ACCUMULATION
Estimates of the portion of Alzheimer disease cases

that are genetically based vary from 10% to 40%, and
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Table. Genetic Factors Predisposing to Alzheimer Disease:
Relationships to the B-Amyloid Phenotype

Chromosome  Gene Defect Phenotype
21 B-Amyloid precursor protein  Increased production of all
mutations B-amyloid proteins or
B-amyloid protein 42
19 Apolipoprotein E4 Increased density of
polymorphism B-amyloid plagues and
vascular deposits
14 Presenilin 1 mutations Increased production of
B-amyloid protein 42
1 Presenilin 2 mutations Increased production of
B-amyloid protein 42

some investigators believe that, in time, almost all cases will
be found to have some genetic determinants. This question
is difficult to answer in a disorder that occurs late in life
and was usually not explicitly diagnosed before the last 2
decades. Moreover, the discovery that the apolipoprotein
E4 allele is a normal genetic polymorphism that confers an
increased risk (but not certainty) of Alzheimer disease (26)
indicates that genetic factors predisposing to the disease do
not need to occur in a dominant pattern and may thus be
hard to recognize in genetic epidemiologic studies.
Currently, 4 genes in which mutations or polymor-
phisms cause Alzheimer disease have been confirmed

(Table) (27), and additional candidate genes await confir-
mation. Missense mutations (see Glossary) in B-amyloid
precursor protein account for far less than 0.1% of Alzhei-
mer disease cases, but they have proved to be highly infor-
mative about the general mechanism of the disease. Ex-
pressing mutant human [-amyloid precursor protein
transgenes (see Glossary) in mice provided the first repro-
ducible animal models of the disorder (28). Inheritance of
1 or 2 apolipoprotein E4 alleles is a far more prevalent
genetic basis for Alzheimer disease, perhaps accounting for
roughly a quarter of cases. Apolipoprotein E4 helps precip-
itate the disorder primarily in patients who are in their
sixties and seventies, thus lowering the typical age of onset
of late-life Alzheimer disease (29). Apolipoprotein E4 is a
risk factor, not a deterministic gene. Some humans who are
homozygous for this allele show no Alzheimer symptoms
when they are in their nineties. The third and fourth genes
implicated in familial Alzheimer disease are called preseni-
lin 1 and presenilin 2 because missense mutations in these
homologous proteins cause a very early onset of Alzheimer
disease, usually between 35 and 60 years of age (30-32).
To date, more than 100 missense mutations have been
identified in presenilin 1 and at least 6 have been identified
in presenilin 2. These tend to cluster within and adjacent
to the 8 transmembrane domains of this serpentine protein

Figure 2. Hypothetical model of the role of presenilin in Notch and B-amyloid precursor protein processing based on current

information.
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The diagram shows the predicted 8 transmembrane domain topology of presenilin, which occurs principally as a cleaved heterodimer. Some Notch and
B-amyloid precursor protein molecules form complexes with presenilin. Two aspartates (D) in transmembrane domains 6 and 7 of presenilin are required
for the cleavages of Notch and B-amyloid precursor protein within their transmembrane domains, and these may align with the respective sites of cleavage
in the 2 substrates. Presenilin directly effects these cleavages in a y-secretase complex that contains at least 3 other membrane proteins. Several motifs are
depicted in Notch: epidermal growth factor-like repeats (yellow circles), LNG (lin-Notch-glp) repeats (orange diamonds), a single transmembrane (white
box), the RAM23 domain (blue square), a nuclear localization sequence (red rectangle), and 6 cdc10/ankyrin repeats (green ovals). After the putative
intramembranous cleavage is mediated by presenilin, the Notch intracellular domain is released to the nucleus to activate transcription of target genes.
B-Amyloid precursor protein contains the B-amyloid protein region (blue box), which is released into the lumen after sequential cleavages of B-amyloid
precursor protein by B-secretase and then 7y-secretase or presenilin. The released B-amyloid precursor protein intracellular domain can reach the nucleus,

but its function there is undefined. APP = B-amyloid precursor protein.
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(Figure 2). Families with Alzheimer disease that show no
linkage to the aforementioned 4 genes are being studied.
Therefore, several additional genes will probably be impli-
cated, most of them probably acting as polymorphic risk
factors (such as apolipoprotein E4) and each explaining a
relatively small fraction of Alzheimer disease cases.

Despite the prominence of tau accumulation in the
neurofibrillary tangles and dystrophic neurites of Alzhei-
mer disease cases, the tau gene has not been found to be
the site of mutations in familial Alzheimer disease. Instead,
mutations in tau have been discovered in families with a
less common but equally devastating disorder, frontotem-
poral dementia with parkinsonism linked to chromosome
17 (33-35). The disease is characterized by widespread
neurofibrillary tangle formation caused by alterations in
the microtubule-binding properties of tau, without amy-
loid deposits (9, 36). Thus, a primary alteration of tau
structure and function can produce a progressive, ulti-
mately fatal neuronal degeneration without leading to sec-
ondary accumulation of B-amyloid protein. The latter
point addresses a recurring controversy in the study of Alz-
heimer disease: whether plaques or tangles have temporal
precedence in the pathogenesis of the disorder. Both the
B-amyloid precursor protein and presenilin mutations in
Alzheimer disease and the tau mutations in frontotemporal
dementia with parkinsonism linked to chromosome 17
support the conclusion that in Alzheimer disease, B-amy-
loid protein accumulation leads to tau alterations rather
than the reverse.

GENOTYPE-TO-PHENOTYPE CONVERSIONS IN FAMILIAL
ALZHEIMER DISEASE

Both cultured cells and transgenic mice have been
used to model the biochemical and neuropathologic effects
of each of the 4 genes implicated to date in familial
Alzheimer disease (Table). The results have been compared
with the actual phenotypes observed in the brains of pa-
tients carrying the respective gene defects. In all 4 cases, the
altered gene products increased the production or deposi-
tion of B-amyloid protein in the brain. This work strongly
supports the hypothesis that B-amyloid protein accumula-
tion is an early and necessary event in the genesis of
Alzheimer disease and is thus worthy of therapeutic inhi-
bition.

Alterations in the B-amyloid precursor protein gene
on chromosome 21 can lead to the Alzheimer disease syn-
drome in at least 2 distinct ways. 3-Amyloid precursor
protein can either be overexpressed because of increased
gene dosage in trisomy 21 (the Down syndrome) or be the
site of missense mutations that increase the -amyloid pro-
tein—generating cleavages of B-amyloid precursor protein
(Figure 1) or enhance B-amyloid protein aggregation. In
patients with the Down syndrome, increased expression of
wild-type B-amyloid precursor protein and the resultant
overproduction of both B-amyloid proteins 40 and 42 pep-
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tides from birth onward leads to the appearance of diffuse
B-amyloid protein 42 plaques as early as 10 years of age.
Persons with the Down syndrome often display many dif-
fuse B-amyloid protein 42 plaques in their teenage years
and twenties, with the subsequent accrual of B-amyloid
protein 40 onto these plaques and the appearance of gliosis
(see Glossary), neuritic dystrophy (see Glossary), and neu-
rofibrillary tangles occurring when they are in their late
twenties and thirties (37). This gradual development of
Alzheimer disease-type brain lesions can be associated with
progressive loss of cognitive and behavioral functions in
patients with the Down syndrome, who are mentally re-
tarded from birth for other reasons.

Most of the B-amyloid precursor protein missense mu-
tations linked to familial Alzheimer disease are located ei-
ther at the B-secretase cleavage site, thus increasing the
cellular production of both B-amyloid proteins 40 and 42,
or just after the y-secretase site, thus selectively increasing
B-amyloid protein 42 production (Figure 1, second line).
Several mutations are also located after the a-secretase site
within B-amyloid protein (Figure 1, second line), and they
enhance B-amyloid protein aggregation or increase its pro-
duction (38). Some families with such intra—B-amyloid
protein mutations have a phenotype of severe amyloid an-
giopathy with or without Alzheimer disease.

The Alzheimer disease—promoting effect of inheriting
1 or 2 apolipoprotein E4 alleles seems to involve an en-
hanced aggregation or decreased clearance of B-amyloid
peptides (39—41). When mice transgenic for mutant hu-
man B-amyloid precursor protein are crossed with mice in
whom the endogenous apolipoprotein E gene is deleted,
the offspring show substantially decreased -amyloid pro-
tein plaque burden, and those B-amyloid protein deposits
that develop are diffuse (nonfibrillar) (42). Moreover, mice
lacking endogenous apolipoprotein E that transgenically
express the human apolipoprotein E4 isoform develop far
more fibrillar (neuritic) amyloid plaques than do those ex-
pressing the apolipoprotein E3 isoform (43).

When presenilin 1 and presenilin 2 were first cloned,
the mechanism by which missense mutations in these pro-
teins produced Alzheimer disease was not necessarily ex-
pected to involve enhanced B-amyloid protein production.
But assays of B-amyloid proteins 40 and 42 in the plasma
and skin fibroblast cultures of presenilin mutation carriers
soon revealed a selective elevation of B-amyloid protein 42
levels (44). Subsequent modeling of these mutations in
cultured cells and transgenic mice has confirmed this result
(13, 28). When mice expressing mutant human B-amyloid
precursor protein are crossed with mice expressing a hu-
man presenilin 1 mutation, the offspring show accelerated
B-amyloid protein 42 accumulation and Alzheimer disease—
like plaques in the brain (45). Moreover, the ability of
presenilin mutations to selectively enhance B-amyloid pro-
tein 42 deposition in the human brain has been demon-
strated directly in patients (46, 47).
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Figure 3. A hypothetical sequence of the pathogenetic steps of Alzheimer disease based on currently available evidence.

Missense mutations in the APP or
presenilin 1 or 2 genes

Increased AB42 production
throughout life

Failure of AP clearance mechanisms
(e.g., inheritance of ApoE4, ?faulty AP degradation)

Gradually increasing AB42 levels in brain

Accumulation and oligomerization of AB42 in limbic and association cortices

Subtle effects of AP oligomers on synaptic efficacy

Gradual deposition of AB42 oligomers as diffuse plaques

Microglial and astrocytic activation and attendant inflammatory responses

Altered neuronal ionic homeostasis; oxidative injury

Altered kinase and phosphatase activities lead to tangles

Widespread neuronal and synaptic dysfunction and selective neuronal loss,
with attendant neurotransmitter deficits

B-Amyloid protein 42 is the 42-residue form of B-amyloid. AB = B-amyloid protein; APP = B-amyloid precursor protein; ApoE4 = apolipoprotein E4.

PRESENILINS: MEDIATORS OF INTRAMEMBRANE
PROTEOLYSIS DURING DEVELOPMENT AND IN
ALZHEIMER DISEASE

To understand the mechanism by which mutant pre-
senilins increase the 7y-secretase cleavage of -amyloid pre-
cursor protein at 3-amyloid protein 42, we need to con-
sider the normal biology of presenilin. Presenilin itself
undergoes an internal proteolytic cleavage (called endopro-
teolysis) and thus occurs largely as a dimer of amino-ter-
minal and carboxy-terminal fragments (48) (Figure 2).

www.annals.org

Similar to the B-amyloid precursor protein, presenilins are
expressed in all cell types and are highly conserved in evo-
lution. Studies in the roundworm, Caenorhabditis elegans,
found that its presenilin (called Sel-12) is necessary for the
intercellular signaling pathway that involves the cell-surface
receptor, Notch (49). Further work in invertebrates and
mammals showed that presenilins are actually required for
the “intramembranous” (that is, inside the plasma mem-
brane) cleavage of the Notch receptor following binding of
its extracellular ligand (50). This cleavage releases the in-
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tracellular domain of Notch to the nucleus, where it regu-
lates the transcription of genes important for the proper
specification of cell types, both inside and outside the ner-
vous system. Deleting the mouse presenilin 1 gene causes a
lethal embryonic phenotype resembling that of deleting the
Notch gene (51), and neurons cultured from such mice
also have markedly reduced y-secretase cleavage of B-amy-
loid precursor protein (52).

These and certain additional findings suggest a pro-
vocative hypothesis: Presenilin is the active site of y-secre-
tase and thus mediates the cleavage of both Notch and
B-amyloid precursor protein within the membranes of cells
(53) (Figure 2). First, B-amyloid precursor protein and
presenilin interact directly in cells (54). Second, inhibiting
7y-secretase activity with designed compounds that mimic
the B-amyloid proteins 40 to 45 region of B-amyloid pre-
cursor protein that is cut by this enzyme has revealed that
7y-secretase is an aspartyl protease (that is, a protease that
uses 2 aspartate residues to cut other proteins, such as the
HIV protease) (55). Third, close inspection of the preseni-
lin amino acid sequence reveals 2 aspartates within adja-
cent transmembrane domains of all presenilins (Figure 2).
Mutation of either aspartate markedly inhibits the y-secre-
tase processing of C99 to B-amyloid protein (53). These
results suggest that presenilin is an unprecedented type of
aspartyl protease that can cleave numerous transmembrane
substrates, including B-amyloid precursor protein and
Notch, within their membrane domains. The subsequent
finding that +y-secretase inhibitors specially designed to
mimic the transient complex that B-amyloid precursor
protein would form with an aspartyl protease bound di-
rectly to presenilins and to no other cellular protein
strongly supports this hypothesis (56, 57).

The recognition that presenilin is the active site of
7y-secretase provides a linchpin for the “amyloid” hypoth-
esis of Alzheimer disease. The only mutations known to
cause dominantly inherited Alzheimer disease occur in ei-
ther the protease (presenilin) or the substrate (8-amyloid
precursor protein) of the reaction that generates 3-amyloid
protein. Illuminating the role of the presenilins in the pro-
cessing of 3-amyloid precursor protein, Notch and numer-
ous other membrane proteins have suggested a new way of
thinking about the origin of Alzheimer disease. Presenilins,
with their 2 intramembrane aspartate residues, were con-
served during evolution because they mediate the in-
tramembrane cleavage of Notch, whose signaling is re-
quired for life in all multicellular animals. Notch may be a
favored substrate of the presenilin or y-secretase (58), but
the cleavage of an alternate substrate, 3-amyloid precursor
protein, can lead to the gradual accumulation of its self-
aggregating fragment, (-amyloid protein 42. In short,
Alzheimer disease may have occurred in the human popu-
lation as a side effect of a highly advantageous enzymatic
machine that leads to ill consequences only when humans
survive well into postreproductive life.
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THE CompLEX ALZHEIMER Disease CAscADE: How
DoEs 3-AMYLOID ACCUMULATION PRECIPITATE
Disease?

Although genetic evidence strongly favors the hypoth-
esis that heightened B-amyloid protein accumulation is an
early and necessary feature of Alzheimer disease, consider-
able debate remains about whether this can explain the full
Alzheimer phenotype. The B-amyloid protein hypothesis
(Figure 3) predicts that gradual elevation of B-amyloid
protein 42 levels in brain interstitial fluid, and perhaps also
inside neurons (59, 60), can lead to the oligomerization of
the peptide and eventually to its fibrillization (that is, amy-
loid formation). B-Amyloid protein accumulation can
clearly be initiated by mutations in B-amyloid precursor
protein or presenilin, and other genetic polymorphisms
(that is, apolipoprotein E4) or mutations could lead to a
similar outcome by chronically decreasing clearance of the
peptide. There is a growing interest in the possibility that
early, diffusible oligomers (for example, dimers, trimers,
and tetramers) of B-amyloid protein could themselves be
toxic to synapses, whereas the abundant fibrils of mature
amyloid plaques represent a relatively inert reservoir of
B-amyloid protein that is in equilibrium with the smaller,
biologically active oligomers (61, 62). On the basis of the
known evolution of B-amyloid protein—related pathology
in the Down syndrome and in B-amyloid precursor pro-
tein transgenic mouse models, B-amyloid protein 42 oli-
gomerization and its deposition as diffuse plaques seems to
be associated with local microglial activation, astrocytosis,
and cytokine and acute phase protein release (63).
Whether B-amyloid protein oligomers trigger synaptic dys-
function through this intermediate inflammatory process
or produce direct synaptotoxic effects by subtly disrupting
receptors, channel proteins, and other macromolecules on
the plasma membrane (62) may be difficult to sort out
because these changes may develop almost simultaneously
in vivo.

There is considerable evidence that the effects of a
B-amyloid protein—initiated inflammatory and neurotoxic
process include excessive generation of free radicals and
oxidative injury to proteins and other macromolecules in
neurons (64—66). In this context, a therapeutic trial of the
antioxidant vitamin E seemed to slow the clinical progres-
sion of Alzheimer disease, although actual memory and
cognitive deficits did not measurably improve (67). Among
the many possible metabolic consequences of B-amyloid
protein accumulation and oligomerization, altered ionic
homeostasis, particularly excessive calcium entry into neu-
rons, could contribute to selective neuronal dysfunction
and death, on the basis of culture studies of the effects of
aggregated [-amyloid protein (68-70). Proving that
B-amyloid protein accumulation actually triggers the dis-
sociation of the tau protein from microtubules, its excessive
phosphorylation, and its assembly into tangles (36, 71)

awaits further research. However, when mice transgenic for
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mutant human tau were crossed with B-amyloid precursor
protein transgenic mice, their offspring showed accelerated
accumulation of altered forms of tau, including in tangle-
like lesions (72).

DECIPHERING THE ALZHEIMER DISEASE CASCADE
PReDICTS A NEw DIAGNOSTIC AND TREATMENT
PARADIGM

Currently, the pharmaceutical treatment of the de-
menting symptoms of Alzheimer disease is restricted to 2
types of drugs: acetylcholinesterase inhibitors (such as
donepezil, galantamine, and rivastigmine) (73) and the re-
cently approved /N-methyl-D-aspartate antagonist, meman-
tine (74, 75). These agents temporarily relieve some symp-
toms for a period of time for a subset of patients, but they
do not address the underlying pathologic process or sub-
stantially slow clinical progression.

Sufficient progress in delineating the disease cascade
(Figure 3) has been achieved to envision several discrete
types of potentially disease-modifying treatments. Inhibi-
tors of B-amyloid protein production, that is, small com-
pounds that cross the blood—brain barrier and decrease
(but do not eliminate) either B- or y-secretase activity,
could be therapeutic in the early clinical phases of the dis-
ease, particularly in patients with the subtle syndrome of
minimal cognitive impairment (mild cognitive impair-
ment) (76, 77), which is an increasingly recognized harbin-
ger of Alzheimer disease. y-Secretase inhibitors could be
designed to decrease [-amyloid protein production by
30% to 40%, without interfering in a quantitatively im-
portant way with Notch signaling. Whether such a bene-
ficial therapeutic index for a y-secretase inhibitor can be
achieved by targeting either the active site component (pre-
senilin) or one of its recently identified protein cofactors
(such as Nicastrin, Aph-1, or Pen-2) (78) requires further
preclinical and clinical research.

As regards B-secretase (B-amyloid—cleaving enzyme
1), far fewer inhibitors of this protease have emerged from
high-throughput compound screening on B-amyloid pro-
tein—secreting cells than for y-secretase. This signifies that
finding small compounds that adequately block the active
site of B-secretase is more difficult. However, the fact that
the crystal structure of B-secretase with an inhibitor in
place has been solved (79) suggests that designing effective
inhibitors is now possible. If so, such inhibitors may have a
better therapeutic index than those of 7y-secretase, in view
of the finding that knocking out the B-secretase gene
causes no deleterious phenotype in mice (80).

An alternative approach to secretase inhibition would
be to use small molecules to bind B-amyloid protein
monomers and prevent their aggregation into potentially
neurotoxic oligomers. However, if an antiaggregating com-
pound solely blocked amyloid fibril formation, this could
actually allow increased accumulation of intermediates,
such as oligomers, and could potentially aggravate neuro-
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toxicity. One advantage of an antioligomerization strategy
is that one would be targeting what is believed to be a
purely pathologic entity, rather than interfering with nor-
mal enzymatic reactions, such as 3- or y-secretase.

An immunologic approach to lowering the levels of
B-amyloid protein monomers, oligomers, and higher ag-
gregates is supported by an increasing number of studies in
B-amyloid precursor protein transgenic mice. Parenteral
immunization of mice with synthetic human B-amyloid
proteins 1 to 42 was initially shown to lead to an antibody
response associated with striking clearance of B-amyloid
deposits, or else their actual prevention if the mice were
immunized very early in life (81). Subsequent studies have
confirmed and extended this approach by showing that
B-amyloid protein immunization can lower brain B-amy-
loid protein burden and also improve learning deficits in
the mice (82, 83). A mucosal (intranasal) route of B-amy-
loid protein immunization can also yield antibodies to
B-amyloid protein and reduce plaque burden and associ-
ated neuritic and glial changes (84). Importantly, passive
administration of B-amyloid protein monoclonal antibod-
ies can achieve the B-amyloid—clearing effect, potentially
obviating the need for active vaccines (85). Three general
mechanisms for the beneficial effects of active and passive
immunization have been proposed. First, the anti-B-amy-
loid protein antibodies may cross the blood—brain barrier
in small amounts and bind to B-amyloid protein, followed
by gradual clearing of the resultant B-amyloid protein an-
tibody complexes by local microglia (85). Second, high
titers of anti—B-amyloid protein antibodies in the periph-
eral circulation may bind and sequester B-amyloid protein
in that compartment, resulting in a gradual redistribution
of B-amyloid protein from brain parenchyma to cerebro-
spinal fluid to plasma (86). Third, the anti-B-amyloid pro-
tein antibodies might bind to soluble B-amyloid protein
oligomers in the brain and neutralize their synaptotoxic
effects (87).

No untoward antigen—antibody reactions were re-
ported in active vaccination experiments in mouse models
(81, 84). However, the administration of a 3-amyloid pro-
tein 1 to 42 peptide vaccine (with an adjuvant) to humans
with mild to moderate Alzheimer disease resulted in some
6% of patients developing an inflammatory reaction in the
central nervous system that resembled a postvaccinal
meningoencephalitis (88). Although this adverse event led
to cessation of the trial, subsequent follow-up revealed that
at least a subset of patients who had developed high titers
of antibodies to B-amyloid protein titers seemed to show a
slowing of their cognitive and behavioral decline (89). In
view of these developments, human trials of passively ad-
ministered anti—-amyloid protein antibodies are being
initiated.

Another B-amyloid protein—based approach to treat-
ing Alzheimer disease is to administer anti-inflammatory
drugs that could interfere with aspects of the microglial,
astrocytic, and cytokine responses found in the brain of a
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patient with Alzheimer disease. The epidemiologic evi-
dence that prolonged use of certain nonsteroidal anti-
inflammatory drugs (NSAIDs) (specifically inhibitors of
cyclooxygenase-1) is associated with a lower risk for Alz-
heimer disease could be explained on this basis (90). How-
ever, exciting studies in cultured cells and B-amyloid pre-
cursor protein transgenic mice suggest that some NSAIDs
associated with protection from Alzheimer disease (such as
ibuprofen) can actually modulate y-secretase processing of
B-amyloid precursor protein to decrease B-amyloid protein
42 production without lowering overall B-amyloid protein
levels or interfering with Notch cleavage (91). This unex-
pected finding could lead to derivatives of certain NSAIDs
being used as a special type of “y-secretase modulator.”

Finally, various antioxidants, free radical scavengers,
calcium-channel blockers, metal chelators, or modulators
of certain signal transduction pathways might protect neu-
rons from the downstream effects of the accumulation of
B-amyloid protein. One problem with such approaches
may be that neurons respond to 3-amyloid protein and its
associated inflammatory process in several ways, and block-
ing 1 or 2 of these response pathways might not substan-
tially decrease overall neuronal dysfunction and loss. A che-
lator of copper and zinc ions that may decrease cerebral
B-amyloid protein levels (92) is being tested in patients
with Alzheimer disease.

Because the success of any of the discussed strategies
cannot be predicted and because 2 or more approaches
might ultimately be combined, all such efforts and others
not reviewed here must be vigorously pursued. Current
symptomatic treatments aimed at modulating certain neu-
rotransmitters, including acetylcholine and glutamate, may
continue to be useful, even if B-amyloid protein—based treat-
ments aimed at early steps in the disease are forthcoming.

In the future, individuals who are nearly 50 years of
age or older will probably be offered a specific risk-assess-
ment profile to determine their likelihood of developing
Alzheimer disease. Such an assessment, modeled on that
used to predict the risk for serious atherosclerotic disease,
could include inquiry about a family history of Alzheimer
disease; identification of specific predisposing genetic fac-
tors; structural and functional brain imaging to detect ev-
idence of presymptomatic lesions; and measurement of
B-amyloid protein 42, tau, and other markers of the neu-
ropathology in cerebrospinal fluid and perhaps (in the case
of B-amyloid protein) in blood. On the basis of further
epidemiologic experience with such assessment measures in
large samples of healthy elderly patients, patients with mild
cognitive impairment, and patients with Alzheimer disease,
estimating—first crudely and later more accurately—the
likelihood that an individual will develop Alzheimer disease
should be possible. Those at high risk might be offered
preventative treatments with 1 or more of the agents dis-
cussed in this paper. Although the achievement of an inte-
grated diagnostic and therapeutic approach to this devas-
tating disorder may seem remote, the current rate of
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scientific progress and the recent initiation of further clin-
ical trials suggest that some level of practical success may
come sooner than one might think.

From Center for Neurologic Diseases, Harvard Medical School, Brigham
and Women’s Hospital, Boston, Massachusetts.

Acknowledgments: The author thanks his colleagues and collaborators
for many helpful discussions.

Grant Support: By the National Institutes of Health, Alzheimer’s Asso-
ciation, and the Foundation for Neurologic Diseases. Dr. Selkoe is a
founding scientist of Athena Neurosciences, now Elan Corporation.

Potential Financial Conflicts of Interest: Honoraria and Patents re-
ceived: Elan Corp.

Requests for Single Reprints: Dennis J. Selkoe, MD, Center for Neu-
rologic Diseases, Brigham and Women’s Hospital, 77 Avenue Louis Pas-
teur, HIM 730, Boston, MA 02115.

References

1. Glenner GG, Wong CW. Alzheimer’s discase: initial report of the purification
and characterization of a novel cerebrovascular amyloid protein. Biochem Bio-
phys Res Commun. 1984;120:885-90. [PMID: 6375662]

2. Kang ], Lemaire HG, Unterbeck A, Salbaum JM, Masters CL, Grzeschik
KH, et al. The precursor of Alzheimer’s disease amyloid A4 protein resembles a
cell-surface receptor. Nature. 1987;325:733-6. [PMID: 2881207]

3. Yamaguchi H, Hirai S, Morimatsu M, Shoji M, Harigaya Y. Diffuse type of
senile plaques in the brains of Alzheimer-type dementia. Acta Neuropathol (Berl).
1988;77:113-9. [PMID: 2465658]

4. Tagliavini F, Giaccone G, Frangione B, Bugiani O. Preamyloid deposits in
the cerebral cortex of patients with Alzheimer’s disease and nondemented indi-
viduals. Neurosci Lett. 1988;93:191-6. [PMID: 3241644]

5. Iwatsubo T, Odaka A, Suzuki N, Mizusawa H, Nukina N, Thara Y. Visual-
ization of A beta 42(43) and A beta 40 in senile plaques with end-specific A beta
monoclonals: evidence that an initially deposited species is A beta 42(43). Neu-
ron. 1994;13:45-53. [PMID: 8043280]

6. Cummings BJ, Pike CJ, Shankle R, Cotman CW. Beta-amyloid deposition
and other measures of neuropathology predict cognitive status in Alzheimer’s
disease. Neurobiol Aging. 1996;17:921-33. [PMID: 9363804]

7. Naslund J, Haroutunian V, Mohs R, Davis KL, Davies P, Greengard P, et al.
Correlation between elevated levels of amyloid beta-peptide in the brain and
cognitive decline. JAMA. 2000;283:1571-7. [PMID: 10735393]

8. Verbeek MM, de Waal RM, Vinters HV. Cerebral Amyloid Angiopathy in
Alzheimer’s Disease and Related Disorders. Dordrecht, the Netherlands: Kluwer
Academic; 2000:357.

9. Goedert M, Spillantini MG. Tau mutations in frontotemporal dementia
FTDP-17 and their relevance for Alzheimer’s disease. Biochim Biophys Acta.
2000;1502:110-21. [PMID: 10899436]

10. Kondo J, Honda T, Mori H, Hamada Y, Miura R, Ogawara M, et al. The
carboxyl third of tau is tightly bound to paired helical filaments. Neuron. 1988;
1:827-34. [PMID: 2483105]

11. Lee VM, Balin BJ, Otvos L Jr, Trojanowski JQ. A68: a major subunit of
paired helical filaments and derivatized forms of normal Tau. Science. 1991;251:
675-8. [PMID: 1899488]

12. Glenner GG, Wong CW. Alzheimer’s disease and Down’s syndrome: shar-
ing of a unique cerebrovascular amyloid fibril protein. Biochem Biophys Res
Commun. 1984;122:1131-5. [PMID: 6236805]

13. Selkoe DJ. Alzheimer’s disease: genes, proteins, and therapy. Physiol Rev.
2001;81:741-66. [PMID: 11274343]

14. Zheng H, Jiang M, Trumbauer ME, Sirinathsinghji DJ, Hopkins R, Smith
DW, et al. beta-Amyloid precursor protein-deficient mice show reactive gliosis

www.annals.org



Alzheimer Disease: Mechanistic Understanding Predicts Novel Therapies REVIEW

and decreased locomotor activity. Cell. 1995;81:525-31. [PMID: 7758106]

15. Wasco W, Bupp K, Magendantz M, Gusella JF, Tanzi RE, Solomon F.
Identification of a mouse brain ¢cDNA that encodes a protein related to the
Alzheimer disease-associated amyloid beta protein precursor. Proc Natl Acad Sci
U S A. 1992;89:10758-62. [PMID: 1279693]

16. Slunt HH, Thinakaran G, Von Koch C, Lo AC, Tanzi RE, Sisodia SS.
Expression of a ubiquitous, cross-reactive homologue of the mouse beta-amyloid
precursor protein (APP). J Biol Chem. 1994;269:2637-44. [PMID: 8300594]
17. Haass C, Schlossmacher MG, Hung AY, Vigo-Pelfrey C, Mellon A, Os-
taszewski BL, et al. Amyloid beta-peptide is produced by cultured cells during
normal metabolism. Nature. 1992;359:322-5. [PMID: 1383826]

18. Shoji M, Golde TE, Ghiso J, Cheung TT, Estus S, Shaffer LM, et al.
Production of the Alzheimer amyloid beta protein by normal proteolytic process-
ing. Science. 1992;258:126-9. [PMID: 1439760]

19. Seubert P, Vigo-Pelfrey C, Esch F, Lee M, Dovey H, Davis D, et al.
Isolation and quantification of soluble Alzheimer’s beta-peptide from biological
fluids. Nature. 1992;359:325-7. [PMID: 1406936]

20. Vassar R, Bennett BD, Babu-Khan S, Kahn S, Mendiaz FA, Denis P, et al.
Beta-secretase cleavage of Alzheimer’s amyloid precursor protein by the trans-
membrane aspartic protease  BACE. Science. 1999;286:735-41. [PMID:
10531052]

21. Sinha S, Anderson JP, Barbour R, Basi GS, Caccavello R, Davis D, et al.
Purification and cloning of amyloid precursor protein beta-secretase from human
brain. Nature. 1999;402:537-40. [PMID: 10591214]

22. Yan R, Bienkowski M], Shuck ME, Miao H, Tory MC, Pauley AM, et al.
Membrane-anchored aspartyl protease with Alzheimer’s disease beta-secretase ac-
tivity. Nature. 1999;402:533-7. [PMID: 10591213]

23. Cao X, Sudhof TC. A transcriptionally [correction of transcriptively] active
complex of APP with Fe65 and histone acetyltransferase Tip60. Science. 2001;
293:115-20. [PMID: 11441186]

24. Kimberly WT, Zheng JB, Guenette SY, Selkoe DJ. The intracellular do-
main of the beta-amyloid precursor protein is stabilized by Fe65 and translocates
to the nucleus in a notch-like manner. J Biol Chem. 2001;276:40288-92.
[PMID: 11544248]

25. Sastre M, Steiner H, Fuchs K, Capell A, Multhaup G, Condron MM, et al.
Presenilin-dependent gamma-secretase processing of beta-amyloid precursor pro-
tein at a site corresponding to the S3 cleavage of Notch. EMBO Rep. 2001;2:
835-41. [PMID: 11520861]

26. Strittmatter WJ, Saunders AM, Schmechel D, Pericak-Vance M, Enghild J,
Salvesen GS, et al. Apolipoprotein E: high-avidity binding to beta-amyloid and
increased frequency of type 4 allele in late-onset familial Alzheimer disease. Proc
Natl Acad Sci U S A. 1993;90:1977-81. [PMID: 8446617]

27. Selkoe DJ. The genetics and molecular pathology of Alzheimer’s disease: roles
of amyloid and the presenilins. Neurol Clin. 2000;18:903-22. [PMID:
11072267]

28. Price DL, Wong PC, Markowska AL, Lee MK, Thinakaren G, Cleveland
DW, et al. The value of transgenic models for the study of neurodegenerative
diseases. Ann N'Y Acad Sci. 2000;920:179-91. [PMID: 11193148]

29. Saunders AM, Strittmatter WJ, Schmechel D, George-Hyslop PH, Pericak-
Vance MA, Joo SH, et al. Association of apolipoprotein E allele epsilon 4 with
late-onset familial and sporadic Alzheimer’s disease. Neurology. 1993;43:1467-
72. [PMID: 8350998]

30. Sherrington R, Rogaev EI, Liang Y, Rogaeva EA, Levesque G, Ikeda M, et
al. Cloning of a gene bearing missense mutations in early-onset familial Alzhei-
mer’s disease. Nature. 1995;375:754-60. [PMID: 75964006]

31. Levy-Lahad E, Wasco W, Poorkaj P, Romano DM, Oshima J, Pettingell
WH, et al. Candidate gene for the chromosome 1 familial Alzheimer’s disease
locus. Science. 1995;269:973-7. [PMID: 7638622]

32. Rogaev EI, Sherrington R, Rogaeva EA, Levesque G, Ikeda M, Liang Y, et
al. Familial Alzheimer’s disease in kindreds with missense mutations in a gene on
chromosome 1 related to the Alzheimer’s disease type 3 gene. Nature. 1995;376:
775-8. [PMID: 7651536]

33. Spillantini MG, Murrell JR, Goedert M, Farlow MR, Klug A, Ghetti B.
Mutation in the tau gene in familial multiple system tauopathy with presenile
dementia. Proc Natl Acad Sci U S A. 1998;95:7737-41. [PMID: 9636220]

34. Hutton M, Lendon CL, Rizzu P, Baker M, Froelich S, Houlden H, et al.

Association of missense and 5™-splice-site mutations in tau with the inherited

www.annals.org

dementia FTDP-17. Nature. 1998;393:702-5. [PMID: 9641683]

35. Hong M, Zhukareva V, Vogelsberg-Ragaglia V, Wszolek Z, Reed L, Miller
BI, et al. Mutation-specific functional impairments in distinct tau isoforms of
hereditary FTDP-17. Science. 1998;282:1914-7. [PMID: 9836646]

36. Goedert M, Crowther RA, Spillantini MG. Tau mutations cause frontotem-
poral dementias. Neuron. 1998;21:955-8. [PMID: 9856453]

37. Lemere CA, Blusztajn JK, Yamaguchi H, Wisniewski T, Saido TC, Selkoe
DJ. Sequence of deposition of heterogeneous amyloid beta-peptides and APO E
in Down syndrome: implications for initial events in amyloid plaque formation.
Neurobiol Dis. 1996;3:16-32. [PMID: 9173910]

38. Levy E, Carman MD, Fernandez-Madrid IJ, Power MD, Lieberburg I, van
Duinen SG, et al. Mutation of the Alzheimer’s disease amyloid gene in hereditary
cerebral hemorrhage, Dutch type. Science. 1990;248:1124-6. [PMID: 2111584]
39. Schmechel DE, Saunders AM, Strittmatter WJ, Crain BJ, Hulette CM, Joo
SH, et al. Increased amyloid beta-peptide deposition in cerebral cortex as a con-
sequence of apolipoprotein E genotype in late-onset Alzheimer disease. Proc Natl
Acad Sci U S A. 1993;90:9649-53. [PMID: 8415756]

40. Ma J, Yee A, Brewer HB Jr, Das S, Potter H. Amyloid-associated proteins
alpha I-antichymotrypsin and apolipoprotein E promote assembly of Alzheimer
beta-protein into filaments. Nature. 1994;372:92-4. [PMID: 7969426]

41. Evans KC, Berger EP, Cho CG, Weisgraber KH, Lansbury PT Jr. Apoli-
poprotein E is a kinetic but not a thermodynamic inhibitor of amyloid formation:
implications for the pathogenesis and treatment of Alzheimer disease. Proc Natl
Acad Sci U S A. 1995;92:763-7. [PMID: 7846048]

42. Bales KR, Verina T, Cummins DJ, Du Y, Dodel RC, Saura J, et al.
Apolipoprotein E is essential for amyloid deposition in the APP(V717F) trans-
genic mouse model of Alzheimer’s disease. Proc Natl Acad Sci U S A. 1999;96:
15233-8. [PMID: 10611368]

43. Holtzman DM, Bales KR, Tenkova T, Fagan AM, Parsadanian M, Sarto-
rius L], et al. Apolipoprotein E isoform-dependent amyloid deposition and neu-
ritic degeneration in a mouse model of Alzheimer’s disease. Proc Natl Acad Sci U
S A. 2000;97:2892-7. [PMID: 10694577]

44. Scheuner D, Eckman C, Jensen M, Song X, Citron M, Suzuki N, et al.
Secreted amyloid beta-protein similar to that in the senile plaques of Alzheimer’s
disease is increased in vivo by the presenilin 1 and 2 and APP mutations linked to
familial Alzheimer’s disease. Nat Med. 1996;2:864-70. [PMID: 8705854]

45. Holcomb L, Gordon MN, McGowan E, Yu X, Benkovic S, Jantzen P, et al.
Accelerated Alzheimer-type phenotype in transgenic mice carrying both mutant
amyloid precursor protein and presenilin 1 transgenes. Nat Med. 1998;4:97-100.
[PMID: 9427614]

46. Lemere CA, Lopera F, Kosik KS, Lendon CL, Ossa J, Saido TC, et al. The
E280A presenilin 1 Alzheimer mutation produces increased A beta 42 deposition
and severe cerebellar pathology. Nat Med. 1996;2:1146-50. [PMID: 8837617]
47. Mann DM, Iwatsubo T, Cairns NJ, Lantos PL, Nochlin D, Sumi SM, et
al. Amyloid beta protein (Abeta) deposition in chromosome 14-linked Alzhei-
mer’s disease: predominance of Abeta42(43). Ann Neurol. 1996;40:149-56.
[PMID: 8773595]

48. Thinakaran G, Borchelt DR, Lee MK, Slunt HH, Spitzer L, Kim G, et al.
Endoproteolysis of presenilin 1 and accumulation of processed derivatives in vivo.
Neuron. 1996;17:181-90. [PMID: 8755489]

49. Levitan D, Greenwald I. Facilitation of lin-12-mediated signalling by sel-12,
a Caenorhabditis elegans S182 Alzheimer’s disease gene. Nature. 1995;377:351-4.
[PMID: 7566091]

50. De Strooper B, Annaert W, Cupers P, Saftig P, Craessaerts K, Mumm J§,
et al. A presenilin-1-dependent gamma-secretase-like protease mediates release of
Notch intracellular domain. Nature. 1999;398:518-22. [PMID: 10206645]

51. Shen J, Bronson RT, Chen DF, Xia W, Selkoe DJ, Tonegawa S. Skeletal
and CNS defects in Presenilin-1-deficient mice. Cell. 1997;89:629-39. [PMID:
9160754]

52. De Strooper B, Saftig P, Craessaerts K, Vanderstichele H, Guhde G, An-
naert W, et al. Deficiency of presenilin-1 inhibits the normal cleavage of amyloid
precursor protein. Nature. 1998;391:387-90. [PMID: 9450754]

53. Wolfe MS, Xia W, Ostaszewski BL, Diehl TS, Kimberly WT, Selkoe DJ.
Two transmembrane aspartates in presenilin-1 required for presenilin endoprote-
olysis and gamma-secretase activity. Nature. 1999;398:513-7. [PMID:
10206644]

54. Xia W, Zhang J, Perez R, Koo EH, Selkoe DJ. Interaction between amyloid

20 April 2004 | Annals of Internal Medicine | Volume 140 * Number 8 |637



REVIEW | Alzheimer Disease: Mechanistic Understanding Predicts Novel Therapies

precursor protein and presenilins in mammalian cells: implications for the patho-
genesis of Alzheimer disease. Proc Natl Acad Sci U S A. 1997;94:8208-13.
[PMID: 9223340]

55. Wolfe MS, Xia W, Moore CL, Leatherwood DD, Ostaszewski B, Rahmati
T, et al. Peptidomimetic probes and molecular modeling suggest that Alzheimer’s
gamma-secretase is an intramembrane-cleaving aspartyl protease. Biochemistry.
1999;38:4720-7. [PMID: 10200159]

56. Esler WP, Kimberly WT, Ostaszewski BL, Diehl TS, Moore CL, Tsai JY,
et al. Transition-state analogue inhibitors of gamma-secretase bind directly to
presenilin-1. Nat Cell Biol. 2000;2:428-34. [PMID: 10878808]

57. Li YM, Xu M, Lai MT, Huang Q, Castro JL, DiMuzio-Mower J, et al.
Photoactivated gamma-secretase inhibitors directed to the active site covalently
label presenilin 1. Nature. 2000;405:689-94. [PMID: 10864326]

58. Berezovska O, Jack C, Deng A, Gastineau N, Rebeck GW, Hyman BT.
Notchl and amyloid precursor protein are competitive substrates for presenilinl-
dependent gamma-secretase cleavage. ] Biol Chem. 2001;276:30018-23. [PMID:
11408475]

59. Skovronsky DM, Doms RW, Lee VM. Detection of a novel intraneuronal
pool of insoluble amyloid beta protein that accumulates with time in culture.
J Cell Biol. 1998;141:1031-9. [PMID: 9585420]

60. Walsh DM, Tseng BP, Rydel RE, Podlisny MB, Selkoe DJ. The oligomer-
ization of amyloid beta-protein begins intracellularly in cells derived from human
brain. Biochemistry. 2000;39:10831-9. [PMID: 10978169]

61. Lambert MP, Barlow AK, Chromy BA, Edwards C, Freed R, Liosatos M,
et al. Diffusible, nonfibrillar ligands derived from Abetal-42 are potent central
nervous system neurotoxins. Proc Natl Acad Sci U S A. 1998;95:6448-53.
[PMID: 9600986]

62. Walsh DM, Klyubin I, Fadeeva JV, Cullen WK, Anwyl R, Wolfe MS, et al.
Naturally secreted oligomers of amyloid beta protein potently inhibit hippocam-
pal long-term potentiation in vivo. Nature. 2002;416:535-9. [PMID: 11932745]
63. Akiyama H, Barger S, Barnum S, Bradt B, Bauer J, Cole GM, et al.
Inflammation and Alzheimer’s disease. Neurobiol Aging. 2000;21:383-421.
[PMID: 10858586]

64. Behl C, Davis JB, Lesley R, Schubert D. Hydrogen peroxide mediates
amyloid beta protein toxicity. Cell. 1994;77:817-27. [PMID: 8004671]

65. Harris ME, Hensley K, Butterfield DA, Leedle RA, Carney JM. Direct
evidence of oxidative injury produced by the Alzheimer’s beta-amyloid peptide
(1-40) in cultured hippocampal neurons. Exp Neurol. 1995;131:193-202.
[PMID: 7895820]

66. Markesbery WR. The role of oxidative stress in Alzheimer disease. Arch
Neurol. 1999;56:1449-52. [PMID: 10593298]

67. Sano M, Ernesto C, Thomas RG, Klauber MR, Schafer K, Grundman M,
et al. A controlled trial of selegiline, alpha-tocopherol, or both as treatment for
Alzheimer’s disease. The Alzheimer’s Disease Cooperative Study. N Engl ] Med.
1997;336:1216-22. [PMID: 9110909]

68. Mattson MP, Cheng B, Davis D, Bryant K, Lieberburg I, Rydel RE.
beta-Amyloid peptides destabilize calcium homeostasis and render human cortical
neurons vulnerable to excitotoxicity. ] Neurosci. 1992;12:376-89. [PMID:
1346802]

69. Pike CJ, Burdick D, Walencewicz AJ, Glabe CG, Cotman CW. Neurode-
generation induced by beta-amyloid peptides in vitro: the role of peptide assem-
bly state. ] Neurosci. 1993;13:1676-87. [PMID: 8463843]

70. Lorenzo A, Yankner BA. Beta-amyloid neurotoxicity requires fibril formation
and is inhibited by congo red. Proc Natl Acad Sci U S A. 1994;91:12243-7.
[PMID: 7991613]

71. Patrick GN, Zukerberg L, Nikolic M, de la Monte S, Dikkes P, Tsai LH.
Conversion of p35 to p25 deregulates Cdk5 activity and promotes neurodegen-
eration. Nature. 1999;402:615-22. [PMID: 10604467]

72. Lewis ], Dickson DW, Lin WL, Chisholm L, Corral A, Jones G, et al.
Enhanced neurofibrillary degeneration in transgenic mice expressing mutant tau
and APP. Science. 2001;293:1487-91. [PMID: 11520987]

73. Mayeux R, Sano M. Treatment of Alzheimer’s disease. N Engl ] Med.
1999;341:1670-9. [PMID: 10572156]

63820 April 2004 | Annals of Internal Medicine | Volume 140 * Number 8

74. Zajaczkowski W, Hetman M, Nikolaev E, Quack G, Danysz W, Kacz-
marek L. Behavioural evaluation of long-term neurotoxic effects of NMDA re-
ceptor antagonists. Neurotox Res. 2000;1:299-310. [PMID: 12835097]

75. Jain KK. Evaluation of memantine for neuroprotection in dementia. Expert
Opin Investig Drugs. 2000;9:1397-406. [PMID: 11060751]

76. Petersen RC, Smith GE, Waring SC, Ivnik R], Tangalos EG, Kokmen E.
Mild cognitive impairment: clinical characterization and outcome. Arch Neurol.
1999;56:303-8. [PMID: 10190820]

77. Morris JC, Storandt M, McKeel DW Jr, Rubin EH, Price JL, Grant EA, et
al. Cerebral amyloid deposition and diffuse plaques in “normal” aging: Evidence
for presymptomatic and very mild Alzheimer’s disease. Neurology. 1996;46:707-
19. [PMID: 8618671]

78. Kimberly WT, LaVoie MJ, Ostaszewski BL, Ye W, Wolfe MS, Selkoe D]J.
Gamma-secretase is 2 membrane protein complex comprised of presenilin, nicas-
trin, Aph-1, and Pen-2. Proc Natl Acad Sci U S A. 2003;100:6382-7. [PMID:
12740439]

79. Hong L, Koelsch G, Lin X, Wu S, Terzyan S, Ghosh AK, et al. Structure of
the protease domain of memapsin 2 (beta-secretase) complexed with inhibitor.
Science. 2000;290:150-3. [PMID: 11021803]

80. Cai H, Wang Y, McCarthy D, Wen H, Borchelt DR, Price DL, et al.
BACE] is the major beta-secretase for generation of Abeta peptides by neurons.
Nat Neurosci. 2001;4:233-4. [PMID: 11224536]

81. Schenk D, Barbour R, Dunn W, Gordon G, Grajeda H, Guido T, et al.
Immunization with amyloid-beta attenuates Alzheimer-disease-like pathology in
the PDAPP mouse. Nature. 1999;400:173-7. [PMID: 10408445]

82. Janus C, Pearson J, McLaurin J, Mathews PM, Jiang Y, Schmidt SD, et al.
A beta peptide immunization reduces behavioural impairment and plaques in a
model of Alzheimer’s disease. Nature. 2000;408:979-82. [PMID: 11140685]
83. Morgan D, Diamond DM, Gottschall PE, Ugen KE, Dickey C, Hardy J, et
al. A beta peptide vaccination prevents memory loss in an animal model of
Alzheimer’s disease. Nature. 2000;408:982-5. [PMID: 11140686]

84. Weiner HL, Lemere CA, Maron R, Spooner ET, Grenfell TJ, Mori C, et
al. Nasal administration of amyloid-beta peptide decreases cerebral amyloid bur-
den in a mouse model of Alzheimer’s disease. Ann Neurol. 2000;48:567-79.
[PMID: 11026440]

85. Bard F, Cannon C, Barbour R, Burke RL, Games D, Grajeda H, et al.
Peripherally administered antibodies against amyloid beta-peptide enter the cen-
tral nervous system and reduce pathology in a mouse model of Alzheimer disease.
Nat Med. 2000;6:916-9. [PMID: 10932230]

86. DeMattos RB, Bales KR, Cummins DJ, Dodart JC, Paul SM, Holtzman
DM. Peripheral anti-A beta antibody alters CNS and plasma A beta clearance
and decreases brain A beta burden in a mouse model of Alzheimer’s disease. Proc
Natl Acad Sci U S A. 2001;98:8850-5. [PMID: 11438712]

87. Selkoe DJ, Shankar GM, Fadeeva JV, Walsh DM. Modulation and further
characterization of natural, cell-derived A oligomers [Abstract]. Annual Meeting
of the Society for Neuroscience, New Orleans, LA, 8-12 November 2003. Ab-
stract no. 667.7. Available at www.sfn.org.

88. Selkoe DJ, Schenk D. Alzheimer’s disease: molecular understanding predicts
amyloid-based therapeutics. Annu Rev Pharmacol Toxicol. 2003;43:545-84.
[PMID: 12415125]

89. Hock C, Konietzko U, Streffer JR, Tracy J, Signorell A, Muller-Tillmanns
B, et al. Antibodies against beta-amyloid slow cognitive decline in Alzheimer’s
disease. Neuron. 2003;38:547-54. [PMID: 12765607]

90. in ¢ Veld BA, Ruitenberg A, Hofman A, Launer L], van Duijn CM, Stijnen
T, et al. Nonsteroidal antiinflammatory drugs and the risk of Alzheimer’s discase.
N Engl ] Med. 2001;345:1515-21. [PMID: 11794217]

91. Weggen S, Eriksen JL, Das P, Sagi SA, Wang R, Pietrzik CU, et al. A
subset of NSAIDs lower amyloidogenic Abeta42 independently of cyclooxygen-
ase activity. Nature. 2001;414:212-6. [PMID: 11700559]

92. Cherny RA, Atwood CS, Xilinas ME, Gray DN, Jones WD, McLean CA,
et al. Treatment with a copper-zinc chelator markedly and rapidly inhibits beta-
amyloid accumulation in Alzheimer’s disease transgenic mice. Neuron. 2001;30:

665-76. [PMID: 11430801]

www.annals.org



